Abstract. Calculations of the pH of sea salt aerosol particles show that the pH decreases with increasing relative humidity and therefore increasing liquid water content of the particles. We show that this puzzling effect is a result of the high concentration of chloride in the particles and the phase partitioning of HCl between the gas and aqueous phase, that makes the gas phase act as a reservoir for acidity for the sea salt particles. Implications for the marine boundary layer are briefly discussed.
Introduction
The pH of aerosol particles is an important property because the rates of many chemical reactions (e.g. oxidation of sulfur, halogen activation) depend on it (Keene et al [1998] ). Further the pH is important for the phase partitioning of acids and bases.
The experimental determination of aerosol pH is difficult because aerosol water contents are usually too small for direct pH measurements. To our knowledge no direct measurements of aerosol pH have been reported in the literature. Fridlind and Jacobson [2000] give an overview of estimates of marine aerosol pH. Most studies show acidified aerosol particles.
A few studies have dealt with the dependence of sea salt aerosol pH on relative humidity. Chameides and Stelson [1992] calculated a decrease in sea salt aerosol pH with increasing relative humidity in their box model. Their explanation, however, is based on effects of activity coefficients which we show to be insufficient.
Calculations of the pH of sea salt aerosol from simultaneous measurements of gas phase HCl and HNO3 and aerosol Cl − and NO − 3 have been performed by Keene and Savoie [1998] and Keene and Savoie [1999] . According to their data the pH in sea salt aerosol can decrease with rising relative humidity. In their table the samples on 23 April and 3 May were associated with roughly similar gas phase HCl (180 and 133 pptv, respectively) and particulate Cl − (98 and 99 nmol/m 3 , respectively). The relative humidity on 23 April was 79% and the calculated pH was 4.43 whereas relative humidity on 3 May was 93% with a calculated pH of 4.11. Fridlind and Jacobson [2000] used the equilibrium model EQUISOLV II for analysis of the pH of sea salt aerosol from data obtained from the Aerosol Characterization Experiment (ACE 1) campaign. Their results also show a decrease of sea salt aerosol pH with increasing relative humidity. They found that 'relative humidity controlled the influence of HCl on the modeled sea salt pH more than either enrichment by secondary acids or the ambient concentration of HCl'. However, they did not provide an explanation for it.
A similar feature was observed in simulations of the marine boundary layer (MBL) with our one-dimensional MBL model where we found a decrease of sea salt aerosol pH with height.
These findings were initially surprising, as one would expect an increase of the pH with increasing relative humidity and the related increase in liquid water content due to dilution.
Here we present an explanation based on physico-chemical equilibria. First we show results from the one-dimensional model MISTRA-MPIC then we present an analytical solution and provide a mechanistic explanation.
Model results
The one-dimensional marine boundary layer model MISTRA-MPIC (von Glasow et al [2000] ) simulates gas and aqueous phase chemistry as well as turbulent mixing, particle microphysics and radiative transport. Mass transfer between the phases and chemical reaction rates are calculated by solving a system of coupled ordinary differential equations. For a cloud free MBL aqueous chemistry is simulated in two particle bins, sulfate and sea salt aerosol particles. The MBL is separated from the free troposphere by a temperature inversion. Below the inversion MBL temperatures reach their minimum. This temperature gradient is reflected in the vertical profile of relative humidity and aerosol water content, that increase from the sea surface towards the top of the MBL. The profile of relative humidity in the MBL is mainly determined by the temperature because absolute humidity is well mixed within the MBL. This is typical for the MBL (e.g. Stull [1988] ). The initial composition of the sea salt particles in the model is sodium chloride plus Br − and HCO − 3 in typical sea water ratios. Atmospheric sea salt particles contain other substances as well, e.g. weak organic acids that might have an influence on equilibria and particle pH. As only limited information is available on this we neglected these species. Sea salt particles are produced as concentrated droplets at the sea surface that are transported upward. Close to the sea surface they are dried and subsequently acidified. The partitioning of HCl between the phases quickly reaches an equilibrium.
We present results from a generic model run, but the feature we discuss was seen in the other model runs as well. creases by 3 orders of magnitude. HNO3 and H2SO4 are partitioned mainly to the aqueous phase. Their vertical profiles (in mol/m 3 air ) have negligible gradients and thus cannot be the cause for the decrease of pH with height. Dilution effects can be seen in the vertical profiles of HNO3tot and S(VI) (in units of mol/l) which exhibit a decrease with height (not shown).
To find the cause for this effect we did simulations with a box model of the MBL that showed the same feature as the one-dimensional model, i.e. a decrease of pH with increasing aerosol water content. By repeated reduction of the mechanism and setting activity coefficients to unity we found the explanation of Chameides and Stelson [1992] to be insufficient. The simplest system where we could still see the feature included only HClg, HClaq and Cl − and the corresponding Henry and dissociation equilibria. This indicated the importance of the high concentration of Cl − in sea salt particles and the gas phase as reservoir for acidity in the form of HCl. Upon initialization of this idealized system only Cl − was present, all gas phase HCl was a consequence of degassing from the aqueous phase in order to reach equilibrium between the aqueous and gas phase. It should be pointed out that the actual source of gas phase HCl plays no role. In the MBL, gas phase HCl results from acid displacement reactions. Thus freshly produced sea salt particles are immediately exposed to gas phase HCl that degassed from older, already acidified sea salt particles.
Analytical solution
In order to understand this surprising phenomenon better, we have analyzed the system in a very simplified form analytically. We only consider the main components of acidified sea-salt aerosol: Cl − and H + . We implicitly assume the system to be in thermodynamic equilibrium according to Henry's law which is justified as the timescale for gas phase diffusion as well as for transfer between gas and aqueous phase is on the order of a few seconds (Jacob [2000] ).
For a strong acid, Henry's law can be written as:
where 
where L is the dimensionless liquid water content (in m 3 aq /m 3 air ). A and S are the total concentrations of acid and salt, respectively. To ensure they are independent of the liquid water content, they are expressed in mol/m 3 air . Charge balance is implicitly guaranteed since Na + is given by :
As Na + is chemically unreactive it need not be considered explicitly in the following calculations.
The unknown variables cg(HCl) and [Cl − ] are eliminated by combining equations (1), (3), and (4) which yields:
This quadratic equation can be solved unequivocally (there is also another solution but is has no physical significance):
In Figures air , dash-dotted line: S = 10 −9 mol/m 3 air . S = 10 −10 mol/m 3 air is hidden in the diagonal line where the salt is well diluted and the pH increases monotonically with increasing LWC. This is the case for most other types of atmospheric aerosol particles. Sea salt aerosol LWC is in the range of 10 −11 to 10 −9 m 3 aq /m 3 air and in clouds the LWC content is usually greater than 10 −7 m 3 aq /m 3 air .
of Cl − ). The total acid is A = 1 nmol/m 3 air which corresponds to a mixing ratio of 24 pmol/mol if it were all in the gas phase. Under these conditions the aerosol pH decreases with increasing liquid water content up to about L = 10 −9 m 3 aq /m 3 air (10 −5 g/m 3 ). When L increases further, the dilution effect takes over and the pH rises again.
In addition to the base case, it is instructive to look at other regimes. First, we define an abbreviation:
Equation (7) becomes:
For large L and for an excess of salt in the particles (S A, which is the case for sea salt aerosol) this can be simplified because Y 2 A k H and the approximation √ 1 + ε ≈ 1+ε/2 is used:
This equation can be used to calculate the ratio between HCl in the gas phase and [H + ]:
This ratio equals 1 at L = (S − A)/k H . It is interesting to note that at this value of L the concentration [H + ] (in equation (10)) has a maximum: Thus the lowest pH occurs at a liquid water content when HCl is distributed evenly between the phases. Another interesting regime is at S = A, i.e. when the aerosol concentrations of H + and Cl − are equal. It can be seen in Figures 2 and 3 that this marks a turning point in the correlation between aerosol pH and L. At low L the dissolution of some HCl does not affect the gas phase concentration significantly. In this case equation (7) reduces to [H + ] = A k H , which means that the aerosol acidity is independent of L.
The solubility of a gas decreases with increasing salt concentration (e.g. Sander [1999] ). We did sensitivity studies where we decreased the Henry's constant by a factor of 10 and 100, respectively. The shape of the lines in Figures  2 and 3 remains the same, they are only shifted to higher pH values for reduced solubility. As equation (12) implies, the minimum in pH is at a higher liquid water content for reduced solubility.
Mechanistic explanation and discussion
We now provide a mechanistic explanation for this finding. Square brackets denote a liquid water concentration in mol/m 3 aq .
• HCl is present in the MBL as a consequence of acid displacement in sea salt particles. The source for this displacing acidity is e.g. HNO3 and H2SO4.
• At low liquid water contents, most HCl is in the gas phase.
• When the liquid water content changes, it does not affect the gas phase significantly. Relative changes in gas phase HCl (p(HCl)) are negligible.
• According to Henry's law:
remains almost constant because p(HCl) doesn't change much and k H is a constant anyway.
• In contrast to the gas phase, a change in liquid water content does affect the liquid phase. When the liquid water content increases, [Cl − ] decreases because of the dilution effect.
• When [Cl − ] decreases, [H + ] must increase to keep the product constant. Therefore the pH decreases.
The extra acidity that is needed to decrease the pH comes from the gas phase via HCl. This implies that both Cl − and H + increase in units of mol/m 3 air but the relative increase of Cl − is negligible, whereas the same increase in H + has a large effect. This is simply a consequence of the fact that Cl − H + in sea salt aerosol. Charge balance during uptake of HCl is guaranteed as the same amount of anions (Cl − ) as cations (H + ) are produced. As shown the effect does not depend on particle size but only on the high fraction of salt in the particles.
In the MBL this effect is slightly enhanced by the vertical temperature gradient. Temperature decreases with height and solubility increases with decreasing temperature. This leads to a further uptake of HCl and thereby a further decrease of the aerosol pH.
A vertical gradient of sea salt aerosol pH implies vertical differences in bromine activation from the aerosol by the mechanisms discussed in Sander and Crutzen [1996] and Vogt et at [1996] with a more complete and efficient activation in higher layers of the MBL. The associated higher mixing ratios of e.g. BrO at the top of the MBL might explain difficulties to detect BrO in surface measurements in the MBL. As a consequence, O3 destruction rates by bromine radicals would be higher at greater heights in the MBL. If significant detrainment of MBL air into the free troposphere occurs this could lead to enhanced BrO and Br mixing ratios in this region.
